Initially transparent polybutadiene develops micron-sized surface cracks when stretched and exposed to ozone. The consequent reduction in the transparency of the rubber provides a facile method for quantifying the ambient ozone concentration. The rate at which opacity develops is linearly dependent on the amount of ozone, and increases with increasing strain. This method of detecting atmospheric ozone has high sensitivity (1 ppb), a broad dynamic range, and is unaffected by the presence of other chemicals. The surface morphology of exposed material can be interpreted in terms of crack nucleation and growth.
INTRODUCTION
Ozone-induced stress cracking is normally considered a problem, diminishing the appearance and serviceability of rubber products. This cracking is the result of the rapid reaction of ozone with olefinic double bonds to form an ozonide ring. 1 Scheme 1.
Scission of the ring produces surface cracks when the elastomer is stretched. Previous studies of this phenomenon established the existence of three regimes 2 : (I) At sufficiently low stresses, no surface cracking occurs. (II) At intermediate stresses, a small number of cracks grow to substantial size, with concomitant reduction in the failure properties. (III) High stresses yield a plethora of cracks, but the mechanical properties are minimally affected.
This behavior can be explained using fracture mechanics. 3, 4 The tensile stress, σ c , necessary to form an ozone crack is given by σ c = G c E πa
where E is Young's modulus, a is the crack depth, and G c is the fracture energy (ca. 0.1 J/m 2 ). For E = 1 MPa and an initial value a = 20µm (corresponding to the typical inherent flaw size in rubber 5 ), Equation (1) yields a critical tensile stress of 50 kPa at a strain of 5%. At stresses below this value (regime I), the intrinsic flaws are too small to produce ozone cracking. At stresses larger than σ c (regime II), only the largest flaws are sufficient to effect crack growth, resulting in large, isolated cracks. These cracks propagate until the critical tearing energy is exceeded and the sample fails. 6 In regime III, the stress in the bulk of the material is large enough to initiate cracks, resulting in cracks uniformly covering the surface. This abundance of cracks produces a translucent ("frosted") appearance. At the crack tips, however, the stress amplification is low, due to the presence of closely-spaced neighboring cracks ("stress alleviation"). Cracks continue to grow, but the critical tearing energy is never exceeded because of the minimal stress concentration. Since the damaged layer at the surface is only a small fraction of the total volume, the failure properties of the elastomer remain the same, notwithstanding the frosted appearance. 7 From observations on isolated cuts in rubber specimens, the crack growth rate has been shown to be independent of stress, depending only on ozone concentration for a given material. 8 At temperatures sufficiently above the glass transition temperature, the availability of ozone becomes the rate-limiting factor for crack growth. 9, 10 The objective of most studies of ozone cracking is to improve a rubber's resistance to it. Hence, such experiments usually employ very high ozone concentrations, e.g., 10 5 ppb, far above normal ambient levels of 10-100 ppb. 11, 12 There have been some attempts to use the cracking behavior of rubber as a measure of ozone concentration. For example, a differential creep technique was developed, based on the reduction of cross-sectional area accompanying ozone deterioration of rubber. 13−15 Another approach is to measure the length of cracks, and deduce the ozone concentration by comparison to calibration curves. 11, 16, 17 These methods are fraught with problems; for example, the distribution of crack lengths is a complex function of time and strain, and depends non-linearly on ozone concentration. 11 There are many other ways to measure the concentration of ambient ozone. 18, 19 Accurate commercial instruments are expensive and ill-suited for field use, while portable methods suffer from poor accuracy, or are susceptible to interference from other chemicals. The need for accurate, portable ozone detection methods has grown of late, a result of regulatory compliance issues and health concerns. Ambient ozone levels as high as 244 ppb have been measured recently in the United States. 20 This is more than twice the Environmental Protection Agency's "Air Quality Standard" (120 ppb, averaged over a one hour period, and 80 ppb averaging over an eight-hour period 21 ). In 1997, 38 metropolitan areas, having a population of 100 million, did not meet this standard. 22 The US Occupational Safety and Health Administration has established a workplace ozone "permissible exposure limit" of 100 ppb, averaged over eight hours. 23 In this paper we demonstrate that ambient ozone levels can be quantified by measuring the opacity that accompanies ozone-cracking of rubber films. 24, 25 Cracks in the rubber film cause deviation of the incident light from its original direction. Measurement of this reduction in intensity can be quantitatively related to the ozone concentration, providing a low-cost, portable detection method that has high sensitivity, a broad dynamic range, and is free of interferences from other pollutants.
EXPERIMENTAL
Results reported herein were obtained using a blend of two commercial 1,4-polybutadienes, 83% by weight Diene 55AC10 (Firestone Synthetic Rubber & Latex Company) and 17% Taktene R 1203 (Bayer Corporation). The curative, dicumyl peroxide, was dissolved in hexane, and aliquots added to the raw polymer to yield 0.03 to 0.06 phr. Following evaporation of the solvent, the rubber was mixed on a two-roll mill, followed by compression molding (40 minutes at 150 • C) to yield cured films (65-× 13-× 1.6-mm).
A steady flow (6 L/m) of ozone-laden air (Environics Series 300 ozone generator) was passed into a Plexiglas R chamber. A return stream was monitored to determine the ozone concentration. The sample was fitted in a frame, which could be placed in the chamber with minimal disturbance. The sample was then elongated with an external pull rod, and the imposed strain maintained constant during the experiment. Nitrogen oxide, nitrous oxide, sulfur dioxide, methane, and carbon monoxide, contaminant gases used to test for interference with the ozone-cracking response of the rubber, were obtained from Air Products, Inc.
A HeNe laser beam (Uniphase 1104P) was expanded to illuminate a 10 mm diameter area of the rubber film, and the transmitted light focused onto a photodiode detector (EG&G Inc. UV100). The transmitted intensity was normalized by the value measured immediately after stretching the rubber; this ratio is referred to as the relative transmission. Figure 1(a) illustrates the three regimes of ozone-cracking behavior. These samples were exposed to 10 ppb ozone for approximately one day, either unstrained (regime I), elongated 18% (regime II), or 121% (regime III). The unstrained sample is indistinguishable from unexposed rubber, while the regime II sample has large, distinct cracks. The regime III sample has become completely opaque, due to cracks uniformly covering its surface. These are 5-10 µm in depth, and spaced about 20 µm apart.
RESULTS
The difference between the crack morphology for regimes II and III is illustrated more clearly in Figure 1 (b). Two samples having slightly different moduli were held at 40% elongation (corresponding to respective stresses of 0.28 and 0.36 MPa) for 30 minutes, while exposed to 100 ppb ozone. For the rubber at the higher stress, no surface cracks are apparent without magnification (regime III). Increasing the strain beyond 40% does not change the appearance of the translucent surface. In the softer rubber, however, individual cracks are easily discernable. Reducing the stress in this sample by lowering the strain results in fewer, but larger, cracks. This is regime II behavior.
The relative transmission for rubber (in regime III) exposed to different ozone concentrations is displayed in Figure 2 . The error bars represent the standard deviation of the data. When the relative transmission reaches about 10%, the appearance of the rubber is similar to the nearly opaque sample in Figure 1(a) .
Increasing the ozone concentration decreases the time to achieve opacity. Moreover, the parallelism of the curves in Figure 2 suggests that varying the ozone level changes only the time scale of the process. The data can be horizontally shifted to yield a "master curve," as shown in Figure 3 for a 100 ppb reference concentration of ozone. The shift factors used to obtain this superposition are displayed as an inset to the figure. The shifting is linearly dependent on ozone concentration. Such a relationship simplifies obtaining a universal calibration between rubber opacity and ozone concentration. Figure 4 illustrates that changing the strain is comparable to the effect of changing the ozone concentration. For example, while a decrease of elongation from 121 to 76% retards the development of opacity, there is no effect on the shape of the response curve. This indicates that the sensitivity of the rubber to ozone may be adjusted by changing its strain, without changing the nature of the calibration.
Experiments were carried out to determine if exposure to various gases would change the response to ozone. Samples of rubber were exposed to five gases (diluted with nitrogen, except for NO 2 , which was diluted with air) at 10 ppm concentration for one hour. Subsequently these rubber strips were stretched to 74% elongation and exposed to 200 ppb ozone. The light transmission was measured during the exposure, to determine the time required for the optical clarity to be reduced in half. These results are displayed in Figure 5 . Clearly any effect of gas exposure is less than the scatter in the data.
The absence of any evidence that gas exposure influences the ozone response of the rubber is unsurprising. Compared to ozone, the reaction rate of these gases with polybutadiene is negligible at room temperature. 
DISCUSSION

CRACK MORPHOLOGY
The crack spacing due to ozone attack is determined by the density of nucleation sites and the stress at the crack tip. For parallel cracks, the stress at the tip is lower than for a single, isolated crack of the same dimensions. The stress concentration factor, defined as the ratio of the stress at the crack tip, σ t , to the applied stress, σ , is 26
where r is the crack tip radius, and k 1 the stress intensity factor for evenly spaced parallel edge cracks in a half plane. The latter is defined as
where 2b is the crack spacing, and s is the sum of a and b. 27 In Figure 6 this stress concentration factor is plotted, assuming r = 1µm, as a function of crack depth for different crack spacings. The initial crack spacing is determined by the number of nucleation sites, which in turn is governed by the applied stress and the intrinsic flaw size distribution. As the initial cracks grow, the degree of stress concentration reaches a limiting value. As seen in Figure 6 , a maximum in stress concentration is realized when the crack depth is equal to about one-third of the spacing (a ≈ 2 3 b). This is consistent with St. Venant's principle, 26, 28 whereby the stress concentration around a flaw is expected to become negligible at a distance three times the flaw dimension. Once the crack achieves this depth, the material between the cracks (shown as the volume 2bat in Figure 6 ) is unloaded, so that new cracks do not initiate. For a distribution of crack sizes, growth of deeper cracks alleviates the stress on smaller cracks, thereby preventing propagation of the latter.
Microscopic examination of ozone-cracked specimens revealed that the growth of many cracks does indeed terminate due to strain relief from neighboring cracks. Furthermore, in fully opaque (regime III) specimens, crack initiation was always observed to occur away from the original crack surfaces. When stress-raising flaws were intentionally introduced in samples, the resulting cracks achieved the same size as cracks far from any stress concentration. These observations are consistent with crack growth that is independent of stress.
Consequently, the sensitivity of opacity development to strain (Figure 4 ), which at first sight contradicts the conclusions of previous studies 8 that ozone crack growth rates are independent of stress, is in fact due to the stress-dependence of crack initiation. During the initial stages of ozone cracking, prior to any interference among neighboring cracks, the distribution of crack initiation sites is preserved and amplified. This means that the morphology of the ozone cracking provides (2) through (4), as a function of crack depth, for the indicated crack spacings. Radius of crack tip was 1 µm. For isolated cracks, the stress is continuously amplified as the crack grows deeper. For closely spaced cracks, the stress concentration reaches a limiting value, the result of alleviation from neighboring cracks. Vol. 72 direct information concerning the distribution of crack nuclei. We intend to pursue more detailed analysis of ozone crack initiation and growth, in order to obtain insights into the intrinsic flaws in rubber, a topic of current interest. 29−31
OZONE DETECTION
The loss of optical clarity due to ozone-induced cracking is an obvious means for detecting ozone. The independence of the shape of the response function (Figures 2 and 3) , along with the linearity of the shift factors used to obtain a master curve, facilitate quantitative measurement. The ability to change the sensitivity by changing strain allows for a wide range of concentrations and measurement times. Of course, these ranges can be further extended by altering the formulation of the rubber.
To illustrate one possible approach for ozone detection, Figure 7 shows the time required for a 50% reduction in the initial transmitted intensity as a function of ozone concentration. The smooth curve is the prediction based on fits to the experimental data in Figures 2 and 3 ; the points are separate measurements. The agreement is excellent, excepting the datum at 10 ppb. At this low level, our results are less reliable due to systematic error in controlling the output of the ozone generator.
Another approach to determine the ozone concentration is to expose the rubber for a given length of time, and then measure the opacity, with the concentration determined using a calibration curve. Figure 8 (a) displays three such calibration curves, for different measurement times. The smooth curve is again the prediction based on fits to the previous data, and the points are measurements. The agreement is quite satisfactory. The maximum detectable ozone level is limited by attainment of an essentially opaque rubber film. The optimum response time depends on the amount of ozone present and the desired accuracy. Figure 8 
where δI is the scatter in the relative transmission measurement (shown by error bars in Figure  8 [a]), and ∂I/∂ [O 3 ] is the slope of the calibration. For this particular measurement, eight minute exposure can be seen to yield the broadest range of detectable concentrations, with an uncertainty less than 10% over most of that range. Obviously, additional measurements could be made to reduce the uncertainty.
SUMMARY
By measuring the light transmission through stretched rubber, ambient ozone can be routinely determined down to 1 ppb levels. The sensitivity and dynamic range of the technique can be adjusted by changing the applied strain or by changing the modulus of the rubber. This variability of the sensitivity is due to the dependence of crack initiation on the applied stress. The crack growth rate per se is independent of the strain.
